Objective: This study conducted a preliminary examination of the effects of three-area laser-assisted zona thinning (LAZT) during the cleavage stage of embryo development on the hatching process in human in vitro fertilization-embryo transfer (IVF-ET) with subjects of advanced female age or frozen-thawed (FT) embryos. Methods: Eight-cell stage embryos were treated with LAZT in three areas of the zona pellucida at 120° intervals. The control group was embryos without LAZT. Of the 72 consecutive fresh cycles and the 28 FT embryo transfer cycles, the patients in 55 fresh cycles and 17 FT cycles declined LAZT, and those cycles were defined as the control group. Results: In the fresh cycles, the pregnancy rates were similar in the LAZT and control groups. However, in the FT cycles, the pregnancy rate was significantly higher in the LAZT group than in the control group (45.5% in the LAZT group vs. 23.5% in the control group, p< 0.05).
Introduction
Hatching is the event in which the embryo breaks out of the zona pellucida (ZP) during the blastocyst stage, and is very important for successful implantation. Failure of the hatching process has been considered to be a cause of implantation failure in assisted reproductive technology. To overcome failure of the hatching process, a technique in which the ZP is artificially ruptured, known as assisted hatching (AH), has been introduced. However, controversies remain regarding the application of AH.
A review conducted by the American Society for Reproductive Medicine reported that there was no reason to recommend the routine performance of AH in women undergoing assisted reproductive technology [1] . However, a recent meta-analysis suggested that AH was positively correlated with increased pregnancy rates in women with previous repeated failure or frozen-thawed (FT) embryos [2] .
As well as the overall efficacy of AH, several technical aspects of AH are debatable. A variety of AH techniques have been introduced since the first report by Cohen et al. [3] in 1988. Initially, AH was performed by thinning or opening the ZP by mechanical [4] or chemical [5] methods. Recently, AH using lasers has become the most popular method because laser AH (LAH) is simple, easy, and rapid [6] . There are also debates on the timing of LAH in terms of the developmental stage of the embryo.
The natural hatching process may have polarity, and hatching of the blastocyst may be promoted or inhibited depending on the site of AH. For this reason, side effects due to the incorrect selection of the site for AH could be a possible problem arising when AH is performed on a single point of the ZP, since it is difficult to ascertain the correct hatching site at the cleavage stage. Therefore, the determination of the correct AH site, especially in cleavage-stage embryos, may be a very important factor for improving the effectiveness of AH.
Given the above considerations, this study conducted a preliminary investigation of the effect of three-area laser-assisted zona thinning (LAZT) during the cleavage stage on pregnancy outcomes in human in vitro fertilization-embryo transfer (IVF-ET) patients with advanced female age or FT embryos.
Methods
This study was approved by the Institutional Review Board of Pusan National University Hospital (IRB No. E2016024), Korea, and included 72 consecutive fresh cycles and 28 FT embryo transfer cycles that underwent IVF-ET from March 2015 to December 2015. Informed consent was obtained from all participating patients. In 55 fresh cycles and 17 FT cycles, the patients declined AH (control group), and day 2 or day 3 embryos underwent LAH in 17 fresh and 11 FT cycles (experimental group).
1. Controlled ovarian stimulation, oocyte retrieval, embryo culture, and transfer IVF was performed by protocols using a gonadotropin-releasing hormone (GnRH) agonist or antagonist with gonadotropins in controlled ovarian stimulation. The choice was based on patient characteristics or response during previous cycles. In the GnRH agonist long protocol, patients were downregulated using a GnRH agonist (Superfact; Sanofi-Aventis, Frankfurt, Germany) and stimulation with recombinant follicle-stimulating hormone (Gonal-F, Merck Serono, Darmstadt, Germany) was started on the third day of menstruation. When two or more follicles reached 18 mm in diameter, a dose of 250 μg of recombinant human chorionic gonadotropin (Ovidrel, Merck Serono) was administered in both protocols. In the GnRH antagonist protocol, ovarian stimulation was started on the third day of menstruation. When the leading follicles reached a mean diameter of 13-14 mm, a GnRH antagonist (cetrorelix, 0.25 mg/day; Cetrotide, Merck Serono) was administered. If follicular development was slow or insufficient, 75-150 IU/day of recombinant luteinizing hormone (Luveris, Merck Serono) or human menopausal gonadotropin (Menopur; Ferring, Lausanne, Switzerland) was added. When the leading follicles reached a mean diameter of 17-18 mm, a GnRH agonist (triptorelin, 0.2 mg; Decapeptyl, Ferring) was administrated to trigger ovulation.
Transvaginal ultrasound-guided oocyte retrieval was carried out 35 hours after human chorionic gonadotropin injection. Oocytes were fertilized in fertilization medium (Sage, Pasadena, CA, USA) and embryos were cultured in cleavage medium (Sage) until day 3, and then further cultured in blastocyst medium (Sage) until day 5 or 6. Embryo transfer (ET) was performed on day 3 or 5. Clinical pregnancy was confirmed by the presence of a gestational sac and a fetal heartbeat on transvaginal ultrasonography 7 weeks after ET.
Embryo freezing and thawing
Human embryos were frozen at the 2-cell, 4-cell, or 8-cell stage (day 2 or 3) by a slow freezing method. The solutions for cryopreservation and dilution consisted of five graded solutions: solution I, 20% serum substitute supplement (SSS; Irvine Scientific, Santa Ana, CA, USA) in Dulbecco phosphate-buffered saline (DPBS; Gibco, Waltham, MA, USA); solution II, 0.5 M propanediol (PROH) in solution I; solution III, 1.0 M PROH in solution I; solution IV, 1.5 M PROH in solution I; and solution V, 1.5 M PROH+0.2 M sucrose in solution I. The embryos were immersed in each solution for 5 minutes at room temperature and loaded into a 0.25-mL plastic straw. They were transferred into an automated Kryo 10 series III biological vertical freezer (Planer, Sunburyon-Thames, UK). The initial chamber temperature was 20°C, which was then slowly reduced to −7°C at a rate of 2°C/min. Ice nucleation was induced manually at −7°C. After a holding time of 10 minutes at −7°C, the straws were cooled slowly to −43°C at a rate of 0.3°C/min and then rapidly transferred to liquid nitrogen tanks and stored until thawing.
The solutions for thawing consisted of four graded solutions: solution I, 1.0 M PROH+0.2 M sucrose in solution IV; solution II, 0.5 M PROH+0.2 M sucrose in solution IV; solution III, 0.2 M sucrose in solution IV; solution IV, 20% SSS in DPBS. The straws were removed from the liquid nitrogen tanks and air-warmed for 30 seconds at room temperature. The straws were then immersed in a 37°C water bath for 40 seconds until all traces of ice disappeared, and the embryos were expelled in solution I. Next, the embryos were placed in each solution for 5 minutes. Finally, the embryos were transferred in culture medium and incubated.
The frozen day 2 or 3 embryos were thawed by a rapid protocol and further cultured before ET. LAZT was performed at the 8-cell stage for both day 3 and day 5 ET. In day 3 ET, LAZT was performed just before ET, and in day 5 ET, LAZT-treated 8-cell embryos were further cultured for 2-3 days. In the 72 cycles of the control group, 46 (63.8%) were cleavage-stage transfers and 26 (26.2%) were blastocyst transfers. In the 28 cycles of the LAZT group, 15 (68.1%) were cleavagestage transfers, and 7 (31.8%) were blastocyst transfers.
Laser-assisted zona thinning
LAZT was performed in good-quality 8-cell embryos of grade A and B using OCTAX NaviLase (MTG Medical Technology, Bruckberg, Germany) in three areas of the ZP at a 120° interval. The original culture dish containing the 8-cell embryos was placed on an inverted microscope equipped with a laser system. The point of treatment on the ZP was carefully focused on and treated with the laser. At that time, the embryos were not stabilized with the holding pipette. One area on the ZP was randomly chosen for LAZT. The ZP was thinned to more than 70% of its initial thickness using a 1.48 μm wavelength diode laser by making 7-8 consequent holes of 15-20 μm on that area of the ZP. All zona thinning was performed in the empty region without contact with the blastomere to minimize the damage. The power of the laser was 100% and the pulse duration was 500 μs (Figure 1 ).
Statistical analysis
The statistical analyses were performed using IBM SPSS ver. 19.0 (IBM Corp., Armonk, NY, USA) and all data were presented as mean ± standard deviation. The blastocyst formation rate, hatching rate, and pregnancy outcomes were comparatively analyzed using the chi-square test and t-test. The p-values < 0.05 were considered to indicate statistical significance. Table 1 shows the clinical characteristics of the patients and the pregnancy outcomes. The pregnancy outcomes were not significantly different between the two groups. No multiple pregnancies were observed in either the control group or the LAZT group.
Results
A total of 79 embryos with 8-cell stage (57 in the control group and 22 in the LAZT group) were further cultured for 2 days, and the formation of expanding blastocysts as well as the early hatching of blastocysts was observed. The blastocyst formation rate was higher in the LAZT group than in the control group, but the difference was statistically insignificant (Table 2) .
Of the 72 total cycles, 41 were in women more than 38 years of age. LAZT was performed in 13 of these cycles. Although the number of oocytes retrieved was significantly lower in the LAZT group than in the control group (p < 0.05), both groups showed similar clinical pregnancy rates (Table 3) . The clinical pregnancy rate increased significantly to 45.5% when LAZT was applied in FT cycles compared to the control group (23.5%) ( Table 4) , whereas a significant difference was not observed between the control group (27.3%) and the LAZT group (17.6%) in the fresh cycles ( Table 5 ). The number of oocytes retrieved and embryos transferred had negligible effects in both groups; however, a significant difference in age was found between the control and LAZT groups in the fresh cycles (Table 5 ).
Discussion
In this study, LAZT led to significant improvements in pregnancy outcomes in FT embryos, but not in patients with advanced age. This is the first study to demonstrate the efficacy of multi-zone LAZT on embryo development and pregnancy outcomes. This study suggests that an appropriate method is needed to ensure the beneficial effects of AH.
Zona hardening is a process that prevents the natural hatching of blastocysts, and has been known to occur during in vitro culture, after cryopreservation, and in patients with advanced maternal age [4, 7, 8] . For this reason, FT embryos have been considered prime candidates Values are presented as mean ± standard deviation or number (%). LAZT, laser-assisted zona thinning. a) p< 0.05 was calculated using the t-test (vs. control). Values are presented as mean ± standard deviation or number (%). LAZT, laser-assisted zona thinning. a) p< 0.05 was calculated using the chi-square test (vs. control).
for AH [2] , but the benefits of AH in FT embryos have been controversial. Two recent studies showed LAH to have positive effects on clinical pregnancy outcomes [9, 10] . The present study also showed that LAH could significantly increase the pregnancy rate in FT ET cycles. However, in this study, the pregnancy rate was unexpectedly higher in the control group than in the LAZT group in the fresh cycles, although this trend was not statistically significant. This primarily means that LAZT had no effect on embryos in fresh cycles. The high pregnancy rate in the control group was probably due to the small sample size, considering that there was no significant difference in the pregnancy rate between the two groups.
Maternal age is another determinant of the use of AH [11] . Some studies have shown positive effects of AH when performed in patients younger than 36 years [12, 13] . However, in other studies, negative or minimal changes in the clinical pregnancy rate were observed in the AH group compared to the control group in patients younger than 37 years [14, 15] . Regarding older women, a recent meta-analysis suggested that AH has little effect on the clinical pregnancy rate in patients with an advanced maternal age of 38 years or older [2] . However, Kanyo et al. [10] reported that LAH significantly increased the pregnancy rate in patients older than 37 years. In this study, LAH did not have different effects on older and younger patients. Regarding this point, it appears that more detailed or homogeneous indications, including female age and the frozen status of the embryos, are important to ensure that AH is beneficial.
In the present study, LAZT increased the early hatching rate although it was examined in a small number of cases. This effect of LAZT may contribute to the increased pregnancy rate. Miyata et al. [16] showed that hatching was initiated earlier in the AH group than in blastocysts without AH. It has been hypothesized that electrical stimulation may induce egg activation and stimulate embryonic development. Thus, further study is needed to elucidate the correlation between increased hatching rate and pregnancy outcomes after LAZT treatment.
Regarding the hatching site, the findings of this study support the efficacy of multi-area AH. When ET is performed on day 2 or 3 (in 4-cell or 8-cell embryos), the exact site of hatching is unknown. Therefore, zona thinning in three areas, as performed in the present study, could offer a way of increasing the likelihood of hatching. Indeed, the hatching rate in the three-area LAZT group was higher than in the control group in the present study.
The pregnancy rates of day 3 cleavage-stage ET and day 5 blastocyst ET are still controversial, but there is generally no difference between these two groups. Furthermore, the pregnancy rates of day 3 ET and day 5 ET were similar between the control and LAZT groups; therefore, this study did not separately study day 3 ET and day 5 ET.
Thermal damage is an important concern in LAH that has been evaluated in several studies [17] [18] [19] . Kanyo and Konc [17] showed that there was no evidence of increased chromosomal abnormalities or congenital malformations in 134 children born after LAH. Zhou et al. [18] reported that no adverse effects were identified in perinatal outcomes after LAH treatment in a retrospective cohort study of a total of 699 women who delivered 392 infants.
This study has several limitations. First, it was conducted retrospectively. Second, the sample size was relatively small. Therefore, the results of this study should be interpreted with caution. However, this is the first study to demonstrate the efficacy of multi-area LAZT on embryo development and pregnancy outcomes. In conclusion, this study showed that LAZT only improved pregnancy outcomes in FT embryos, but not in women with advanced age. These findings should be further evaluated in a prospective randomized study.
